The 5h-flanking region of the murine dihydrolipoamide dehydrogenase (Dld) gene was characterized for its promoter activity. DNase I footprinting analysis of the promoter region (k545 bp to j41 bp) revealed six major protein-binding domains (termed P1 to P6) that were protected by NIH3T3 fibroblast nuclear extracts. Transient transfection assays, using a series of nested deletions of the 2.5 kb 5h-flanking region ligated to the chloramphenicol acetyltransferase reporter gene, identified that the k42-bp to j41-bp region, which harbours the P1, P2, and P3 domains, had minimal transcriptional activity. When the 5h-flanking region was extended from k42 bp to k82 bp, there was an approx. 5-fold increase in promoter activity. To identify further the cis elements involved in transcription of the Dld gene (k82 bp to j41 bp), a series of mutations were introduced into this region and evaluated for functional effects using transient transfection and electrophoretic mobility shift assays. Mutation
INTRODUCTION
Dihydrolipoamide dehydrogenase (E3 ; EC 1.8.1.4) is a common component of the three 2-oxo acid dehydrogenase complexes, namely the pyruvate dehydrogenase complex, 2-oxoglutarate dehydrogenase complex and branched-chain 2-oxo acid dehydrogenase complex, as well as glycine synthase. These E3-dependent complexes participate in oxidative pathways of carbohydrate, lipid and amino acid metabolism. The catalytic mechanism of E3 involves the transfer of two electrons from reduced lipoyl moieties covalently linked to specific lysine residues of the dihydrolipoamide acyltransferases and H protein to NAD + via a flavin intermediate [1] [2] [3] .
During mammalian development, the activity of the pyruvate dehydrogenase complex in rat liver [4] and muscle [5] increases several-fold from birth to adulthood. This increase in pyruvate dehydrogenase complex activity is paralleled by increases in the activity of all three catalytic subunits, namely, pyruvate dehydrogenase, dihydrolipoamide acetyltransferase and E3. During in itro differentiation of murine 3T3-L1 preadipocytes into adipocytes, the activity of the pyruvate dehydrogenase complex increases approx. 7-fold after the cells are treated with insulin, dexamethasone and 1-methyl-3-isobutylxanthine. The induction of pyruvate dehydrogenase and E3 activities in 3T3-L1 adipocytes is attributed to an increase in the rates of synthesis of these enzymes [6, 7] , which are regulated at the pretranslational level.
Most TATA-less promoters contain an initiator element which directs transcription initiation. One group of initiators with the consensus sequence 5h-(A\C)GGAA(G\A)-3h, which was found Abbreviations used : E3, dihydrolipoamide dehydrogenase ; EMSA, electrophoretic mobility shift assay ; CAT, chloramphenicol acetyltransferase ; TBP, TATA-binding protein ; GABP, GA-binding protein. 1 To whom correspondence should be addressed (e-mail mspatel!acsu.buffalo.edu).
The nucleotide sequence reported in this article has been deposited in the GenBank4 Data Library with accession number U73468.
or deletion of the CACGAC direct repeat, located from k61 bp to k46 bp, resulted in minimal promoter activity. Mutation of the Ets motif, located from k37 bp to k32 bp, reduced the minimal promoter activity by approx. 50 %, whereas the deletion of this motif almost abolished the promoter activity. These results indicate that : (i) the Ets motif is required for the minimal promoter activity and (ii) the CACGAC direct repeat enhances promoter activity. Database searches failed to identify the direct repeat with the CACGAC motif and hence the CACGAC sequence may represent a novel motif. The requirement of both the Ets motif and the direct repeat element for optimal promoter activity represents a unique combination for gene transcription.
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in the promoters of the murine cytochrome c oxidase subunit IV and Vb (COXIV and COXVb) genes, binds with GA binding protein (GABP), a member of the Ets family [8, 9] . The Ets family contains more than 30 members, which may function as transcription activators, repressors or initiators, and which play important roles during embryogenesis, haematopoiesis and tumour metastasis [10] . Recently, the nucleotide sequence of the proximal promoter region (300 bp) of the murine Dld gene was determined [11] . Similarly to the human DLD gene [12, 13] , the promoter region of the murine Dld gene has multiple transcription initiation sites and lacks a TATA motif. The sequence of approx. 2 kb of the human DLD 5h-flanking region has been determined and shown to contain several consensus sequences for DNA binding proteins, including a glucocorticoid-receptor element, a cAMPresponse element, a CAAT box, a fat-specific element and a nuclear-respiratory factor. The presence of these regulatory motifs suggests some regulatory features of this gene. Progressive deletions of the human DLD 5h-flanking region fused with the chloramphenicol acetyltransferase (CAT) reporter gene in transiently transfected HepG2 cells indicated a negative regulatory element in a segment from k1223 bp to k769 bp and a minimal promoter region (k19 bp to j47 bp) that supported significant CAT expression [12] . This short promoter sequence shows similarity (73 %) to the murine genomic sequence [11] . However, the transcriptional regulation of human DLD is not well understood. As a stage to understanding Dld gene expression, we have cloned and characterized the murine Dld 5h-flanking region. The functional domains and nuclear protein binding sites in the proximal promoter region were evaluated. The requirement of two cis-elements for optimal promoter activity, an Ets motif (CGGAAA) and a direct repeat element with a novel CACGAC motif, has been identified.
MATERIALS AND METHODS

Genomic library screening and sequencing
A 9 kb SalI-BamHI murine genomic DNA fragment containing the 5h-flanking and -coding regions of the murine Dld gene was cloned from a λ EMBL3 mouse genomic library, as described previously [11] . A 3 kb fragment upstream of the coding region extending from a SalI site to a BsaI site within the 5h untranslated region (j41) was subcloned into a pUC19 vector (Life Technologies) and termed pPE37-3SB. Approx. 1 kb of the nucleotide sequence upstream of the transcription initiation site was determined by the dideoxy-chain termination method, using the Sequenase II kit (Amersham) with synthesized primers hybridizing to internal or flanking vector sequences.
Construction of plasmids
Plasmid pPE37-3SB was digested with EcoRI and the resulting 2.5 kb fragment containing the murine Dld 5h-flanking region was ligated into the EcoRI site of the promoterless CAT reporter plasmid, pBSKCAT [14] , to produce the construct D1 (k2.5 kb to j41 bp) (see Figure 3) . Restriction enzyme or exonuclease III (Erase-a-Base System ; Promega) digestion produced a series of 5h-deletions of the Dld promoter upstream of the transcription initiation site, which was determined by murine liver mRNA [11] . The sizes of the various 5h-deletions were k2.0 kb (BglII), k1.4 kb (EcoRV), k740 bp, k573 bp, k483 bp, k362 bp, k242 bp (HindIII), k82 bp (P uII) and k17 bp (BglI). The constructs D10 (k42 bp to j41 bp) and D13 (k25 bp to j41 bp) were generated by PCR with pfu polymerase (Stratagene), using primer pairs (mE3-42, T3) and (mE3-25, T3) respectively (mE3-42, 5h-CTCGAGGCGACCGGAAAGCCT-CTGCC-3h ; mE3-25, CTCGAGCCTTTCGG GCCAATCGCG CTGC-3h) using the following conditions : 95 mC for 30 s, 55 mC for 1 min and 68 mC for 2 min 30 s. The PCR products were digested by XhoI and PstI and subsequently cloned into the XhoI and PstI sites of pBSKCAT [14] . All constructs were verified by either restriction-enzyme analysis or dideoxyribonucleotide sequencing.
DNase I footprinting
Nuclear proteins were prepared from cultured NIH3T3 cells by a modification of the method described previously [15] . Briefly, cells were washed with ice-cold PBS, scraped from a 100-mm plate into 0.5 ml of Dignam's buffer A [16] and lysed in a glass Dounce homogenizer with 10-15 strokes. The nuclei were collected by centrifugation at 14 000 g for 5 min, resuspended in 200 µl of Dignam's buffer C [16] and shaken for 1 h at 4 mC. After re-centrifugation at 14 000 g for 5 min, the supernatant was dialysed against 50 vol. of Dignam's buffer D [16] for 2 h at 4 mC, and stored at k80 mC.
DNase I footprinting reactions (50 µl final volume) were carried out with nuclear proteins isolated from NIH3T3 cells (50-100 µg), end-labelled DNA probe (20 000 c.p.m.), 1 µg of poly(dI-dC)(dC-dI) (Sigma) in 10 mM Hepes, pH 7.9\10 % (v\v) glycerol\50 mM KCl\2 % (v\v) poly(vinyl alcohol)\0.1 mM EDTA\0.5 mM PMSF\0.5 mM dithiothreitol. After incubation at room temperature for 20 min, 5 µl of cofactor solution (100 mM MgCl # \30 mM CaCl # ) were added to the reaction mixture, followed by 5 µl of RNase-free DNase I (0.01-1 unit ; Promega) and the incubation was continued for a further 2 min. The reaction was stopped by the addition of 150 µl of 150 mM NaCl\0.1 % (v\v) SDS\15 mM EDTA containing 30 mg\ml of yeast tRNA and DNA was extracted with phenol\chloroform (1 : 1, v\v) [17] . The sample was resolved on a denaturing 6 % polyacrylamide\urea gel alongside a GjA ladder prepared by the Maxim and Gilbert method [18] .
Electrophoretic mobility shift assay (EMSA)
The end-labelled DNA fragments were made either with [γ-$#P]ATP (7000 Ci\mmole ; ICN) using T4 polynucleotide kinase or [α-$#P]ATP (3000 Ci\mmole ; ICN) using the large fragment of DNA polymerase I. DNA-protein reactions for EMSA were carried out in volumes of 15 µl containing 3-5 µg of nuclear proteins isolated from NIH3T3 cells, 3-5 µg poly(dI-dC)(dC-dI), 10 mM Hepes (pH 7.9), 10 % (v\v) glycerol, 50 mM KCl, 0.1 mM EDTA and 1-2 fmol (10 000 c.p.m.) of labelled probe. After incubation of this mixture at room temperature for 20 min, the products of the binding reactions were resolved on 4 % polyacrylamide non-denaturing gels in 0.5i45 mM Tris\borate, pH 8.0\1 mM EDTA buffer. For competition EMSA, the reaction mixtures were preincubated with various concentrations of unlabelled competitor oligonucleotide before the addition of nuclear extracts.
Cell culture, transient transfection and CAT assay
The NIH3T3 cells were maintained in complete medium [90 % minimal essential medium, 10 % (w\v) fetal-bovine serum, 100 units\ml penicillin, 100 µg\ml streptomycin and 2 mM glutamine] (Life Technologies) at 37 mC in a 5% CO # atmosphere, and cells at 50-60 % confluence were used in transient transfection assays. Transient transfections were performed using the calcium phosphate co-precipitation method [19] with 15 µg of test DNA and 5 µg of β-galactosidase-expressive plasmid (pRSV-β-gal) [14] . After incubation for 6 h at 37 mC, the medium was replaced with complete medium containing 15 % DMSO for 3 min, the cell monolayer was washed twice with PBS and then fresh complete medium was added. Cells were harvested after 48 h by washing twice with ice-cold PBS and then scraping the cells into 200-400 µl of 20 mM potassium phosphate buffer (pH 7.5). Cells were lysed by sonication for 5-10 s (30 % duty cycle, output control 3 ; Branson Sonifier 450), centrifuged at 14 000 g for 10 min and an aliquot of the supernatant was assayed for β-galactosidase activity [20] . The remaining supernatant was heated at 65 mC for 10 min to inactivate the deacetylase and then assayed for CAT activity by the phase-extraction method [19] using [$H]chloramphenicol as the substrate. The background level of CAT activity was subtracted. The background level of CAT expression is defined as CAT expression of pBSKCAT [14] in transiently transfected NIH3T3 cells, which is approx. 10 % of CAT activity of the D1 construct.
Site-directed mutagenesis
A series of oligonucleotides with specific mutations were synthesized. Site-specific mutations were introduced using a QuickChange TM site-directed mutagenesis kit (Stratagene) using D9 (k82 bp to j41 bp) or D10 (k25 bp to j41 bp) constructs as templates. After mutagenesis, the promoter fragments were cut with XhoI and PstI and cloned into the pBSKCAT plasmid [14] . All of the mutations were confirmed by nucleotide sequencing.
RESULTS
Cloning and sequencing the 5h-flanking region of murine Dld gene
In order to study the elements involved in Dld gene expression, the 5h-flanking region of the murine Dld gene was cloned. Approx. 300 bp of the 5h-flanking region of the murine Dld gene region have been reported previously [11] . The nucleotide sequence has now been extended to more than 1.0 kb ( Figure 1 ). The sequence identity between the 1.0 kb murine Dld 5h-flanking region and the 1.0 kb human DLD 5h-flanking sequence [12] is approx. 52 % using the GAP program from the Genetic Computer Group [21] .
Nuclear protein binding domains of the murine Dld promoter
To identify protein binding domains, the murine Dld 5h-flanking region from k545 bp to j41 bp was analysed by DNase I footprinting with nuclear extracts isolated from NIH3T3 cells. The fragments of the coding strand of the murine Dld 5h-flanking region were end-labelled and partially digested by DNase I in the presence or absence of nuclear extracts ( Figure 2 ). Six distinct footprinting domains on the coding strand were identified and termed P1 (j1 bp to j22 bp), P2 (k22 bp to k4 bp), P3 (k38 bp to k27 bp), P4 (k237 bp to k203 bp), P5 (k348 bp to k324 bp) and P6 (k392 bp to k375 bp). The boundaries of the protected domains differed slightly between coding and noncoding strands, with the exception of P3 and P5 domains (noncoding strand : P1, k1 bp to j24 bp ; P2, k27 bp to k5 bp ; P3,
Figure 1 Nucleotide sequence of the 5h-flanking region of the murine Dld gene
Nucleotides are numbered relative to the transcription initiation site (j1). Potential consensus sequences for transcriptional factor binding sites are overlined. Arrows indicate the upstream direct repeat element. The translation initiation site is underlined. The asterisks indicate the regions protected by NIH3T3 nuclear extracts.
Figure 2 DNase I footprinting analysis of protein binding domains of the Dld promoter
A 545-bp fragment of the murine Dld proximal promoter was end-labelled and subjected to digestion by DNase I in the absence (k) or presence (j) of 50-100 µg NIH3T3 nuclear proteins. The protected regions in the coding strand are identified by nucleotide numbers and denoted as domains P1 to P6. NE, nuclear extract.
k56 bp to k29 bp ; P4, k235 bp to k211 bp ; P5, k329 bp to k313 bp ; P6, k385 bp to k370 bp).
Functional analysis of the murine Dld promoter
To identify the functional region of the murine Dld promoter, a series of progressive deletions of the Dld 5h-flanking region extending from k2.5 kb towards the transcription initiation site (this site was determined previously by primer extension using murine liver mRNA) [11] were constructed and ligated to the upstream of the CAT reporter gene. The constructs were transiently transfected into NIH3T3 cells and CAT activity was determined after 48 h. The CAT activity was normalized to β-galactosidase activity for transfection efficiency and the results were expressed as fold change relative to construct D1 (k2.5 kb to j41 bp) (Figure 3) .
The deletions from k2.5 kb to k740 bp ( Figure 3 , constructs D2 to D4) led to a 3-to 4-fold increase in CAT activity relative to the k2.5 kb construct (D1). Further deletions to k573 bp (D5) and to k483 bp (D6) resulted in approx. 7.5-to 9-fold increases in CAT expression. Deletion to k362 bp (D7), which removed the P6 domain, showed a small reduction in the level of CAT expression (approx. 6-fold). CAT activity was dramatically reduced to the level of approx. 1.5-fold by the removal of the P5 domain, with a deletion to k242 bp (D8), suggesting that a positive regulatory element may be located within the P5 domain. Extending the deletion to k82 bp (D9) removed the P4 domain and resulted in an increase in CAT expression to approx. 5-fold. This finding suggests that the P4 domain may function as a negative regulatory-factor(s) binding site. Deletion to k42 bp (D10) resulted in reduction in the level of CAT expression to approx. 1-fold, suggesting that positive regulatory factor(s) binding site(s) may be located within the region from k82 bp to k43 bp, although DNase I footprinting did not identify any protein binding sites (see below). The minimal promoter activity seen with the D10 construct was abolished by deletion to k17 bp (D11), which removed the P3 domain and a part of the P2 domain.
Requirement of direct repeat elements for optimal Dld promoter activity
Progressive deletions indicated that the region from k82 bp to k43 bp is important for optimal promoter activity. In this region, three direct repeats were identified (Figure 4 ). Direct repeat I had an AGCGCA motif separated by 14 bp. Direct repeat II had an AGCGC motif with no nucleotides between half-sites, and direct repeat III had a CACGAC motif separated by 4 bp. In an attempt to identify the possible role of these direct repeats in transcription of the Dld gene, a series of mutations were introduced in each direct repeat. Mutant M1, which interrupted direct repeats I and II, did not significantly change the level of CAT expression in transient transfection studies. Substitution of the first three nucleotides of the upstream CACGAC motif in direct repeat III (M3) dramatically reduced CAT expression to approx. 20 % of the wild-type promoter, whereas replacement of the last three nucleotides of the upstream CACGAC motif (M4) had approx. 60 % of wild-type activity. Similar results were observed when the downstream CACGAC motif in the direct repeat III was mutated (M6 and M7). Two additional mutations (M2 and M5), which replaced two nucleotides immediately upstream of the direct repeat III or between the two CACGAC motifs had no significant effect on the level of CAT expression. The results of site-specific mutations indicate that the direct repeat III with CACGAC motif is required for the optimal promoter activity in the region from k82 bp to j41 bp. A double mutation (M3jM10), affecting both the direct repeat III and Ets motifs, had approx. 10 % of CAT activity of the wildtype promoter, whereas mutation of direct repeat III (M3) alone reduced CAT activity to 20 % and mutation of the Ets motif (M10) diminished CAT activity to approx. 50 %.
Site-specific mutagenesis analysis indicated that the direct repeat III is important for transcription of the Dld gene. However, DNase I footprinting did not identify any protection in this region ( Figure 2 ). To investigate further whether any nuclear factors bind to the direct repeat III, a 22-bp oligonucleotide segment ( Figure 5A , probe A) including the sequence of direct repeat III was end-labelled and used for EMSA. As shown in Figure 5B , one prominent DNA-protein complex was observed when end-labelled probe A was incubated with NIH3T3 nuclear extracts. The presence of this complex was completely blocked by the addition of an approx. 200-fold excess of unlabelled probe A ( Figure 5B, lanes 1-3) , demonstrating a specific interaction between nuclear factors and direct repeat III. Unlabelled probes B, C and D, in which the upstream or downstream CACGAC motif was mutated, did not effectively compete for binding with the wild-type probe, despite an approx. 200-fold excess of unlabelled probe ( Figure 5B, lanes 4-12) , suggesting that nuclear factors have low affinity for the mutant sequences. In contrast to the results of DNase I footprinting, the EMSA shown in Figure  5 (B) indicates that the nuclear factors do bind to the directrepeat element.
A search of the Transcription Factor Database (GBF Bioinformatics) using the Pattern Search program [22] identified no consensus binding sequences of known transcription factors that had more than 80 % identity with the CACGAC motif, suggesting that the CACGAC motif may represent a novel motif for binding a nuclear factor(s).
Requirement of an Ets motif for minimal promoter activity
Progressive deletions indicated that the D10 construct (k42 bp to j41 bp) was sufficient for minimal promoter activity ( Figure  3) . To identify the element responsible for transcription within the k42 bp to j41 bp region, a series of mutations based on the D9 (k82 bp to j41 bp) construct were made, fused with the CAT reporter gene and transiently transfected into NIH3T3 cells ( Figure 6 ).
In the region from k42 bp to k8 bp, there are several consensus sequences for transcription factors, such as Ets (k37 bp to k32 bp) [23] , housekeeping protein 1 (k22 bp to k13 bp) [24] , activator protein 2 (k15 bp to k8 bp) [25] , nuclear factor 1 (k26 bp to k11 bp) [26] and a CAAT box (k16 bp to k11 bp). To determine the potential function of the proximal Ets motif (CGGAAA) in the murine Dld promoter, two mutations were made, each having three nucleotide substitutions in the CGGAAA motif (M10, ATTAAA and M11, CGGCCC). The promoter activity of each mutation (M10 or M11) had approx. 40-50 % of the activity of the wild-type promoter, suggesting that this Ets motif was functionally important for expression of the murine Dld gene. Whereas mutations of housekeeping protein 1, activator protein 2, nuclear factor 1 and CAAT consensus sequences (M13 to M17) did not significantly change the level of CAT expression, indicating that these ciselements were not required for transcription of the Dld promoter. A mutation of the transcription initiation site (M19) retained approx. 75 % of the CAT activity of the wild-type promoter. Wiley et al. [27] have shown that the TATA-binding protein (TBP) can functionally bind to the k30 bp region in a TATAless promoter. To test whether the TBP binds to the CGGAAA motif, the k82 bp to j41 bp fragment of murine Dld promoter containing the CGGAAA motif was end-labelled by T4 kinase. The results of the EMSA indicated that purified TBP did not bind to the k82-bp to j41-bp fragment and an approx. 500-fold excess of TBP consensus oligonucleotide could not compete with the binding of the k82-bp to j41-bp fragment to the NIH3T3 nuclear extracts (results not shown). In addition, the M10 mutation produced a sequence close to the TATA consensus (ATTAAA), which preserved only approx. 40 % of CAT activity of the wild-type promoter. These results indicate that the CGGAAA motif is not a TBP binding site. To identify further the role of the Ets motif in the transcriptional activity without direct repeat III, several mutations based on construct D10 (k42 bp to j41 bp) were made, fused with the CAT reporter gene and transiently transfected into NIH3T3 cells. As shown in Figure 6 (B), mutation of the Ets motif (M20) resulted in an approx. 50 % reduction in CAT expression of the wild-type promoter. Mutation of the Ets motif in the construct without direct repeat III (M20) caused a similar percentage reduction in CAT expression as did mutation of the construct with the direct repeat III (M10 in Figure 6A ). Mutations of nuclear factor 1 consensus sequence (M21 and M22), HIP-1 consensus sequence (M22) and transcription initiation site (M23) did not change the level of CAT expression. Deletion to k25 bp (D13), which removed the Ets motif, led to a background level of CAT expression.
To investigate the binding ability of Ets and its mutant motifs with nuclear proteins, competition EMSA was performed using a 20-bp oligonucleotide segment of the promoter sequence containing the wild-type Ets motif as a probe ( Figure 7A , probe E). As shown in Figure 7 (B), one prominent band was observed when end-labelled probe E was incubated with NIH3T3 nuclear proteins. This prominent band was blocked by the addition of excess unlabelled probe E ( Figure 7B, lanes 1-4) , indicating a specific interaction between the Ets motif and nuclear proteins. The oligonucleotide segments mutated in the Ets motif, probes F ( Figure 7B, lanes 5-8) and G ( Figure 7B, lanes 9-12) , competed poorly against the wild-type Ets motif with an approx. 200-fold excess of unlabelled probe.
The results of mutation and deletion indicated that the Ets motif is required for the promoter activity and may function as an initiator element. In the Ets family, GA-binding protein (GABP) has been reported to function as initiator in several mitochondrial genes [7, 8] . To investigate whether GABP binds to the Ets motif in the Dld promoter, end-labelled probe E (wildtype Ets motif) was incubated with purified recombinant GABP. The recombinant GABP used here was a truncated protein containing both GABPα and GABPβ DNA-binding domains (gifts from Dr. A. H. Batchelor and Dr. C. Wolberger, Johns Hopkins University, Baltimore, MD, U.S.A.) [28] . A DNAprotein complex was observed when probe E was incubated with recombinant GABP (Figure 7C ). The amount of DNA-protein complex correlated directly with the amount of recombinant GABP. However, no DNA-protein complex was observed by incubation of probe F, an Ets mutant probe, with recombinant GABP.
DISCUSSION
This study presents evidence for a unique combination of two cis-elements, one of them a hitherto unrecognized CACGAC motif, in transcription of the murine Dld housekeeping gene. Housekeeping genes are expressed in all cells and usually lack both TATA and CCAAT boxes. They are also rich in GjC and contain one or more Sp1 binding sites [29] . The murine Dld promoter has several characteristics of a housekeeping gene promoter [11] , i.e. no TATA motif and high GjC content within the proximal promoter region. However, no Sp1 binding site was found within an approx. 1 kb (k1002 bp to j41 bp) murine Dld promoter region. EMSA, using purified Sp1, indicated that Sp1 did not bind to a k82-bp to j41-bp fragment (results not shown), demonstrating that Sp1 does not regulate transcription of this proximal 5h-flanking region. Although a CCAAT box was found in the proximal promoter region (k16 bp to k11 bp), mutation analysis indicated also that this CCAAT box did not modulate transcription (Figure 4) .
DNase I footprinting analysis of the k545 bp to j41 bp region ( Figure 2 ) and progressive deletions extending from the 5h end of the k2.5 kb region (Figure 3 ) revealed several important features. A negative regulatory-element binding site was identified in the region between k740 bp and k574 bp. The region spanning from k483 bp to k242 bp, which includes the P6 and P5 domains, had a positive effect on transcription, whereas the region from k242 bp to k82 bp, which harbours the P4 domain, had a suppressive effect on transcription. The region from k42 bp to j41 bp had minimal promoter activity, indicating that the P1, P2 and P3 domains were required for minimal transcription activity. However, in the human DLD promoter, only one protein binding domain (k23 bp to k3 bp) near the transcription initiation site was observed (J. Morris, G. Johanning and M. S. Patel, unpublished work). These observations suggest that the transcriptional initiation of the DLD gene in human and mouse may vary in some regard. It is not surprising that the same gene from different species has different transcriptional initiation mechanisms. Such differences have been found also between the human and mouse terminal deoxynucleotidyl transferase promoters [30] [31] [32] [33] .
Deletion and mutation analyses combined with transient transfection assays identified two elements involved in the expression of the murine Dld gene, i.e. the Ets motif located from k37 bp to k32 bp and the direct repeat with a novel CACGAC motif located at 8 bp upstream of the Ets motif. Deletion analysis showed that construct D10 (k42 bp to j41 bp) had minimal levels of Dld promoter activity (Figure 3) . Since the Ets motif may function as an initiator, removal of the Ets motif (construct D13 in Figure 6B ) almost abolished the promoter activity. In addition, mutations in the Ets motif resulted in reduction (approx. 50 %) of CAT activity in transiently transfected NIH3T3 cells ( Figures 6A and 6B ). This reduction may be due to weak binding of nuclear protein to the mutated sequences. A weak interaction between the mutated Ets sequence and NIH 3T3 nuclear extracts was also observed in the competition EMSA, when a 500-fold excess of unlabelled mutant probe (probe F) was used to compete with the labelled wild-type probe (results not shown). However, mutations at consensus sequences, such as the CCAAT box (k16 bp to k11 bp), activator protein 2 (k15 bp to k8 bp) and housekeeping protein 1 (k22 bp to k13 bp), within the proximal promoter region produced no significant change in levels of CAT expression, indicating that these sequences were not required for the expression of the Dld gene. The results of mutation and deletion assays suggest that the Ets motif may function as an initiator element in the murine Dld promoter. The Ets family has a highly conserved C-terminal DNA-binding domain, which recognizes a GGA motif. It has been noted that different Ets family members have different DNA binding specificities [34] [35] [36] . For example, an Ets motif in the nicotinic acetylcholine receptor promoter binds with GABP but not with either Ets-2 or Elf-1 in EMSAs [37] . The Ets motif (AAAGGAAA ; the underlined type indicates the Ets core sequence) of the human pyruvate dehydrogenase β subunit promoter failed to bind recombinant GABP (results not shown), whereas recombinant GABP bound the Ets motif (CGGAAA) of the murine Dld promoter, implying that this motif is capable of functioning as a GABP binding site ( Figure 7C ). In a previous study, primer extension of the 5h end of Dld mRNA showed multiple transcription initiation sites positioned from k43 bp to j14 bp [11] . In other studies of promoters utilizing the GABP initiator, initiation of transcription from multiple sites extending over more than 20 nucleotides has been observed [8, 9, 38, 39] . Although the Ets motif is distal to the predominant transcription initiation site of murine liver mRNA, this motif is close to several upstream minor transcription initiation sites (k43 bp, k29 bp and k26 bp) [11] . The Ets motif has been found in a number of nuclear genes encoding mitochondrial respiratory chain proteins, such as cytochrome c oxidase subunits IV and Vb (COXIV and COXVb) [8, 9, 40, 41] . In murine COXIV and COXVb promoters, Ets motifs have been suggested to be GABP binding sites and function as initiators [8, 9] . For maximal level of transcription activity in COXIV and COXVb promoters, two GABP binding sites that are separated by 26 nucleotides are required [41] [42] [43] . However, a single GABP binding site has also been shown to be sufficient for minimal promoter activity in transfected NIH3T3 and COS cells [8, 9] , which was also seen for the Dld promoter in the present study ( Figure 3, construct D10 ). EMSA, using purified recombinant GABP, also demonstrated that GABP binds with a single GABP binding motif ( Figure 7C ).
Similarly to other GABP initiator elements [8, 41, 44] , the Ets motif in the murine Dld gene is activated by upstream elements. A direct repeat element with the CACGAC motif located 8 bp upstream of the Ets motif activates transcription. Construct D9 (with direct repeat III) had approx. 5-fold increased CAT activity of that of construct D10 (without the direct repeat III), indicating that the direct repeat with the CACGAC motif greatly enhances transcriptional activity of the Dld promoter. Site-specific mutation or deletion (Figures 3 and 4) of the direct repeat with the CACGAC motif demonstrated the abolition of the activation effect of the direct repeat element on the Dld promoter. A double mutation affecting the direct repeat element and Ets motif had an almost additive effect (Figure 4) .
Although DNase I footprinting analysis did not show the presence of the direct repeat with the CACGAC motif within the protected sequences (Figure 2) , competition EMSA using oligonucleotide segments with the wild-type or mutant CACGAC motif ( Figure 7 ) did identify interactions of the direct repeat with the CACGAC motif and NIH3T3 nuclear extracts. It is possible that the DNase I footprinting assay is not senstive enough to detect the trace amount of DNA-protein complex formed [19] , or that the interaction between the direct repeat III element and nuclear protein(s) was weakened by the conditions of the DNase I footprinting assay. Oligonucleotide segments with mutations at either the CACGAC motif did not compete against the wild-type probe, indicating that the DNA-protein interaction was specific for CACGAC motifs and that the mutant probes had little binding affinity with the nuclear extracts. Mutation of nucleotide sequences between two CACGAC motifs (M5) did not alter the level of CAT expression, suggesting that the sequence between CACGAC motifs may not be important for activating transcription. The results of EMSAs using different nuclear proteins from rat liver, murine MIN6, human HepG2 and human HeLa cells (results not shown) indicated similar mobility shift effects as those seen with NIH3T3 nuclear extracts, suggesting that the CACGAC direct repeat binding factor is ubiquitous. In addition to the murine Dld promoter, the direct repeat with CACGAC or CACGAC-like sequences was also present in other promoters of nuclear genes encoding mitochondrial proteins, such as the human DLD gene [12] and human pyruvate dehydrogenase α subunit [45] and β subunit [46] genes, suggesting that the direct repeat with CACGAC motif may play a role in regulating these genes. The CACGAC motif is a novel transcription-factor binding motif but additional studies are required in order to identify the nuclear factor(s) that interacts with this novel cis element.
